ABSTRACT: Arctic kelp belts, made of large perennial macroalgae of the order Laminariales, are expanding because of rising temperatures and reduced sea ice cover of coastal waters. In summer 2013, the trophic relationships within a kelp belt food web in Kongsfjorden (Spitsbergen) were determined using fatty acid and stable isotope analyses. Low relative proportions of Phaeophyta fatty acid trophic markers (i.e.
INTRODUCTION
Arctic kelp belts are structurally and functionally diverse coastal habitats and host a rich fauna , Włodarska-Kowalczuk et al. 2009 dominated by filter-feeding invertebrates (Paar et al. 2016) . This fauna constitutes an important link between primary producers and higher trophic levels such as fishes and seabirds (Fredriksen 2003 , Norderhaug et al. 2005 . Among primary producers, kelps, which are perennial macroalgae of the order Laminariales, can represent very high biomasses and production (Abdullah & Fredriksen 2004 , Bartsch et al. 2016 and largely contribute to the functioning of coastal food webs in the Arctic. However, grazers seldom consume more than 10% of the kelp biomass (Mann 2000) , possibly because of its relatively poor quality, i.e. high C:N ratio and high phlorotannin concentrations (Norderhaug et al. 2003) . Kelp is known to enter the food chain mostly as detrital *Corresponding author: martin.paar@uni-greifswald.de (Norderhaug et al. 2003 , Leclerc et al. 2013b ). In addition to kelp, consumers can utilize several other primary producers (e.g. phytoplankton, epiphytes) as food resources which are of much higher quality (Cebrian 1999) . All these primary producers follow seasonal variations, affecting their biomass and composition and influencing their quality as food resources and their availability to consumers (Wiencke et al. 2009 , Hodal et al. 2012 . The role of kelp production in Arctic kelp belt food webs, relative to that of other benthic and pelagic primary producers, remains poorly understood on a spatial and temporal scale. In Kongsfjorden (western coast of Spitsbergen, Svalbard, Norway), the estimated annual primary production of kelp ranges between 400 and 1900 g C m −2 yr −1 (Welch et al. 1992 , Abdullah & Fredriksen 2004 ) -which exceeds considerably the pelagic primary production (i.e. 27−35 g C m −2 yr −1
, Hodal et al. 2012 ) -and macroalgal belts cover 44% of the subtidal area comprised from 0 to 10 m in this fjord (Kruss et al. 2008 , Woelfel et al. 2010 . The functioning of the Kongsfjorden's ecosystem has been extensively studied during the past decades, particularly because the frequent influence of warm Atlantic water masses in this fjord (Cottier et al. 2005 (Cottier et al. , 2007 may impact benthic communities. Bartsch et al. (2016) highlighted that biomass of macroalgae increased from 1996−1998 to 2012−2013 and that the peak of biomass shifted to a shallower depth within the intertidal. Changes in biomass also occurred in kelp belts inhabiting macrofaunal communities within this period. While biomass and secondary production increased with depth in 1996 to 1998, the inverse pattern was observed in 2012 to 2013 (Paar et al. 2016) . Most of the studies about the benthic food web in Kongsfjorden were done on a broad scale (i.e. the fjord), demonstrating that benthic communities are mainly fueled by pelagic production and settled particulate organic matter (Renaud et al. 2011 , Kędra et al. 2012 . The trophic interactions of the subtidal kelp belt food webs in Kongsfjorden, however, have been very poorly studied until now, and the feeding ecology of the inhabitant fauna is largely unknown.
More recent studies about trophic relationships in Arctic ecosystems -based on the combination of bulk stable isotope (SI) and conventional fatty acid (FA) analyses -have shown the benefit of using these 2 trophic markers in understanding the functioning of complex benthic food webs (McMahon et al. 2006 , Connelly et al. 2014 . Primary and secondary producers synthesize specific FAs, some of which, especially highly unsaturated FAs, are incorporated largely unchanged by consumers. These FAs can be used as FA trophic markers to trace the trophic transfers from lower to higher trophic levels and to describe food web functioning (Dalsgaard et al. 2003) . Kelp material can generally be distinguished from other primary producers by its high amounts of the 20:4(n-6), 18:4(n-3) and 18:3(n-3) FAs (Graeve et al. 2002) , while bacteria are characterized by odd-numbered and branched FAs (Dalsgaard et al. 2003) . The use of FAs as trophic markers in benthic habitats might be obscured by low levels of lipid accumulation in benthic taxa (Graeve et al. 1997) , the diversity and variability of available food sources, and the ability of consumers to modify FA structures (Kelly & Scheibling 2012 ) and the diversity of their feeding modes. Combining SI and FA trophic markers can overcome these limits by means of crossvalidation. Moreover, it gives new insights about the trophic relationships in complex ecosystems, as FAs may allow discriminating food sources with overlapping SI values (Wold et al. 2011 ).
The present study aims to understand how and to what extent kelp production enters the benthic food web in an Arctic kelp belt (Hansneset, Kongsfjorden, Spitsbergen), either through direct grazing or as detrital matter. Besides kelp material, this study aims to determine which other food resources are utilized by the benthic consumers and if these consumers exhibit different food preferences in relation to their feeding types. Therefore, we analyzed the SI and FA compositions of the major macroalgae and composite food sources of pelagic (i.e. suspended particulate organic matter [SPOM] ) and benthic (i.e. epilithic organic matter [EOM] , trapped particulate organic matter [TPOM] ) origin in the kelp belt. The links between these potential food sources and macrozoobenthos were investigated by characterizing SI and FA compositions of kelp belt dominant consumers (Paar et al. 2016 ).
MATERIALS AND METHODS

Study area
Sampling was conducted in a kelp belt at Hansneset (78°59' N, 11°57' E) on the west coast of Blomstrandhalvøya, in the central part of the Arctic Kongsfjorden, from June to August 2013 (Fig. 1) . This 26 km long fjord is oriented along a northwest− southeast axis and receives freshwater inflow from 4 tidal glaciers (Zaja˛czkowski 2008) . Long-term average summer temperature (2001−2015) was 2.9°C for Kongsfjorden waters (Promińska et al. 2017 ). Higher inflow of Atlantic water in the fjord can alter water masses and lead to higher water temperatures above 0°C during winter and over 5°C during summer (Cottier et al. 2005 (Cottier et al. , 2007 . The average tidal range is 1.8 m (Wangensteen et al. 2007) .
At Hansneset, the subtidal bedrock slope is at an angle of about 40° and is moderately exposed to waves. Terraces and projections seldom interrupt the slope. Down to 15 m depth, bedrock dominates with depressions filled with sediment and pebbles. Further down, bedrock becomes increasingly covered by sediments. Dense macroalgal vegetation covers the seafloor down to about 30 m depth (Wiencke et al. 2004 . In coastal waters at Hansneset, sedimentation, light penetration and salinity are highly variable between seasons (Hanelt et al. 2001) , which is possibly linked to precipitation, snow and melting of glaciers, bringing freshwater and terrestrial material into the fjord during summer months (Svendson et al. 2002) .
The biomasses of macroalgae (Bartsch et al. 2016 ) and macrozoobenthos (Paar et al. 2016) were investigated during parallel studies in 2012 to 2013 (Fig. 2) . The macroalgal biomass was dominated by Phaeophyta, especially kelp of the order Laminariales, through out all depths from 2.5 to 10 m, while erect Rhodophyta (Ptilota gunneri, Phycodris rubens, Euthora cristata) were prominent at 15 m (Bartsch et and Paar et al. (2016) al. 2016). Among the macrofauna, sessile suspension feeders dominated the biomass at all depths, representing on average 74% of the total biomass. At 2.5 m depth, bryozoans contributed to most of the biomass (49% of the biomass), whereas barnacles were the dominant part of the biomass (42−54% of the biomass) at deeper depths. The green sea urchin Strongylocentrotus droebachiensis and spider crab Hyas araneus together contributed a maximum of 33% of the total biomass at depths between 10 and 15 m (Paar et al. 2016 ).
Environmental data
Oceanographic parameters (i.e. temperature, turbidity) were continuously recorded in summer 2013 by the AWIPEV-COSYNA underwater long-term fjord observatory at 11 m water depth at the old pier in Nansen Bay (78° 59 N, 11° 55 E). For chl a analysis, surface water samples were collected at Hansneset on a weekly basis between June and September 2013 (Table 1) . From 90 to 270 ml was filtered on precombusted (4 h at 450°C) Whatman GF/F glass fiber filters in triplicate, immediately after sample collection. Filters were frozen at −20°C and stored in darkness. Chl a on the filters was extracted in 90% acetone for 4 to 8 h in the dark at approximately 6°C and measured at wavelengths of 750, 663, 645 and 630 nm using a UVIKON XL spectrophotometer (Goebel Instrumentelle Analytik).
Sample collection and preparation for SI and FA analyses
Potential food sources and consumers (Table 2 ) were sampled by SCUBA diving at 2.5 to 15 m water depth within the main extension of the kelp belt (Bartsch et al. 2016 ) from June to August 2013. Food sources and consumers were collected at the beginning and from the middle until the end of the field campaign, respectively, considering a time lag between consumption and integration of the trophic marker signals within tissues of the consumers (see Table 1 for more details about sample collection).
Phaeophyta were too large to be entirely ground. They were blotted dry, and then 3 discs (13 mm diameter) were punched out of the blades at approximately 0, 20 and 40 cm from the blade meristem. In addition, 3 pieces of stipe (1 cm long) were cut directly above the holdfast, in the middle of the stipe and beneath the blade. Blade discs and pieces of stipe were then grouped, to have 2 representative samples for each algae, 1 for the blade and 1 for the stipe. Rhodophyta were blotted dry, and whole organisms were taken for the analysis. Encrusting Corallinaceae (ENCO) and encrusting Rhodophyta (ENRH) were scraped from rocks using a razor blade. Detritus was collected within the sampled flora and fauna in 500 μm mesh bags in the field, then washed from the samples and carefully collected on a 250 μm mesh sieve in the laboratory. All samples were freeze dried and then ground to a fine, homogeneous powder using a ball mill (MM 400, Retsch). Samples were stored at −20°C for SI analyses and at −80°C under a nitrogen atmosphere for FA analyses. Epiphytes of Laminariales were collected by brushing the blades using a soft plastic brush and thereafter carefully rinsed with filtered seawater. The mixture of epiphytes was filtered on precombusted Whatman GF/F glass fiber filters under moderate vacuum (minimum −30 kPa). Surface water was sampled directly above the kelp belt to extract SPOM. For SI, SPOM was collected on a weekly basis (3 replicates per sampling) to study intra-seasonal variations. A volume of seawater from 80 to 180 ml for SI and from 30 to 45 l for FA analyses was prefiltered on a 250 μm mesh sieve to eliminate zooplankton and large detrital particles. Pre-filtered water was drawn through precombusted Whatman GF/F glass fiber filters under moderate vacuum. EOM was sampled from drop stones collected at 8 m depth. Stone surfaces were brushed with a soft plastic brush and thereafter carefully rinsed with filtered seawater. The extracted solution was filtered on precombusted Whatman GF/F glass fiber filters under moderate vacuum. All filters (i.e. epiphytes, SPOM, EOM) were freeze dried and then stored in the same manner as other food sources.
Six sediment traps (Cylindrical Sedimentation Vessel, 140 mm diameter and 560 mm length, HydroBios) were equipped with sample bottles at the bottom, into which sedimented material could accumulate. TPOM samples were collected every 2 wk from the beginning of July to the end of August 2013. At the laboratory, samples were decanted in 1 l glass cylinders, and the supernatant was discarded after complete sedimentation. The residues were carefully collected, freeze dried and stored in the same manner as other food sources. Dominant macrozoobenthic species (Table 2) , representing together more than 90% of the total macrozoobenthic biomass, were sampled following methods detailed in Paar et al. (2016) . All animals were kept alive for 36 h in filtered seawater to allow for gut content evacuation before storage at −20 or −80°C under nitrogen atmosphere for SI and FA analyses, respectively. Soft tissues of barnacles and mollusks were removed from their shells. All samples were freeze dried and ground using a ball mill. For SI analyses, 3 entire individuals (1 small, 1 medium, 1 large) were analyzed individually to represent the size range of the whole population, except for the skeleton shrimp Caprella septentrionalis, whose smallest individuals were pooled into groups of 5 individuals to obtain enough material. For FA analyses, 3 to 31 entire individuals per species, depending on their size, were pooled, and 1 analysis was carried out on each pool (see Table 1 for more details about sample collection). This procedure provided enough material for FA analyses and lowered the intraspecific variability.
SI sample preparation and analyses
Carbonates were removed from filters (i.e. SPOM, EOM) for δ 13 C measurements by contact with HCl fumes in a vacuum-enclosed system for 4 h. Lipid removal prior to SI analysis was not necessary because of the overall low lipid content in sources and consumers. TPOM was acidified by adding HCl at 1 mol l −1 drop by drop until cessation of bubbling; then, samples were dried in a dry block heater, freeze dried and ground again. No treatment was applied to samples for δ 15 N measurements, as acidification may affect isotope composition of nitrogen (Jacob et al. 2005 ). Samples were analyzed using an elemental analyzer (FlashEA 1112, Thermo Scientific) coupled with an isotope ratio mass spectrometer (DELTA V Advantage with a ConFlo IV interface, Thermo Scientific) at the LIENSs SI facility of the University of La Rochelle, France. Isotope values are expressed using the δ notation as deviations from international standards (Vienna Pee Dee Belemnite for δ values were calculated from mass spectrometer readings using Isodat 3.0 software (Thermo Fisher Scientific). Calibration was done using reference materials (USGS24, IAEA-CH-6, IAEA-600 for carbon; IAEA-N-2, IAEA-NO-3, IAEA-600 for nitrogen). Analytical precision based on the analyses of acetanilide (Thermo Fisher Scientific) used as the laboratory internal standard was < 0.15 ‰ for carbon and nitrogen.
Lipid extraction and FA analyses
Lipids were extracted from freeze-dried powders with an accelerated solvent extractor (ASE 200, Dionex) using a slightly modified procedure from Folch et al. (1957) . Samples were extracted 3 successive times with mixtures of chloroform:methanol (1:2, 2:1 and 4:1, v/v). A volume of 1% sodium chloride solution was added and the mixture separated into 2 phases. The lower layer containing lipids was collected and water removed by addition of dry sodium sulfate. Total lipid content was determined on 5 replicates by flame ionization detection (FID) using an MK-6s Iatroscan (Mitsubishi Chemical). The FID response was calibrated using cod liver oil as a standard. The extracted lipids were transmethylated by acid catalysis at 80°C for 2 h in H 2 SO 4 −methanol (4%, w/v) reagent (Christie 1984) with addition of toluene (10%, v/v) to yield FA methyl esters (FAMEs). Water was added and FAMEs were extracted twice with hexane. FAMEs were then purified in 2 steps using a high-performance liquid chromatograph following the same procedures as in Lebreton et al. (2011) . FAMEs were analyzed using a gas chromatograph (GC-6890N, Agilent Technologies) fitted with a J&W DB-23 capillary column (60 m, 0.25 mm internal diameter, 0.25 μm film). Injector and FID detector temperatures were set at 240 and 260°C, respectively. Hydrogen was used as a carrier gas in constant flow mode at an average linear velocity of 30 cm s −1
. A linear temperature gradient from 100 to 240°C at 1°C min −1 was used. FAME identification was performed by comparing relative retention times with those of known standard mixtures: C8−C24 mix, 37-FAME mix, 26-BAME mix, and PUFA-1 and PUFA-3 (Supelco, Sigma-Aldrich). Equivalent chain lengths (Christie 1988) were used as an aid in peak localization and identification. Each FAME area was corrected from the corresponding FID response factor (Bannon et al. 1986 ) and from the difference in mass between the FAME and its corresponding free FA.
Data and statistical analyses
Isotope compositions of consumers and of food sources were compared using a trophic fractionation factor (TFF) of 0.8 ± 0.7 ‰ for δ The average δ 15 N value of the filter feeders was used as a food web baseline (δ 15 N baseline ) to avoid issues related to temporal and spatial variability in the primary producers. As a result, the TL baseline was considered as 2. Ellipses representing 95% confidence regions for potential food sources and consumers were computed based on bootstrap resampling using the function CIplot_biv described in Greenacre (2016) using the ellipse R package (Murdoch & Chow 2018) in R version 3.1.2 (R Core Team 2018). Non-parametric procedures were used to achieve more robust statistics because of small sample sizes (sample size almost always <10) and nonindependence of data within series. Isotope compositions of food sources and consumers were compared using Kruskal-Wallis tests. These tests were followed by multiple comparisons of means using the pgirmess package in R (Giraudoux 2015) .
FA data are expressed as the percentage of each FA relative to the sum of all identified FAs. FAs with values lower than 1% of the total FA composition were removed prior to data analysis in all samples. The principal origin of FA markers was determined using the literature (Table 3) , and for trophic relation analysis, FAs were associated with groups of potential food sources (bac teria, flagellates, diatoms, Phaeophyta, macroalgae, vascular plants or animals) or considered as ubiquitous markers. Hierarchical clustering analyses (using the chi-square distance and Ward clustering) were used to compare groups of species formed in the source and consumer FA data sets, using the R function hierclust by Murtagh (2005) . Using a permutation test for clusteredness by Greenacre (2011b), a cut-off level on the dendrogram of the cluster analysis was obtained, identifying clusters that can be considered to be true clusters. Whereas the compositional data would preferably be transformed to logratios (see, for example, Aitchison et al. 2000) , these data have many zero values, which preclude taking logarithms. Correspondence analysis, which uses the chi-square distance, was chosen here because it has been shown to have favorable properties for defining distances on compositional data in the presence of zero values (Greenacre 2011a , Kraft et al. 2015 .
To enhance the discrimination between primary producers (Phaeophyta, Rhodophyta, Chlorophyta, ENCO, ENRH, epiphytes), composite food sources (SPOM, TPOM, EOM, detritus) and consumers, δ 
Abiotic parameters
The seawater surface temperature of Kongsfjorden slowly increased during the survey (6 June−27 August 2013), from 2.2 to 6.4°C (Fig. 3) . Suspended particulate matter concentrations ranged from 4.8 to 6.3 mg l −1 above the macroalgal belt at Hansneset. Mean δ 15 N values of macroalgae ranged from 3.6 to 5.3‰ (Fig. 4, Table S1 ). The kelp species L. digitata, S. latissima and S. dermatodea were significantly more enriched in 15 N than all other macroalgae, including A. esculenta (p < 0.006). All Rhodophyta had very similar δ 15 N values (3.6 to 4.3 ‰). Epiphytes were slightly more depleted in 15 N (3.3−3.6 ‰).
SI composition of macroalgae
SI composition of composite food sources
Detritus from 15 m (−31.5 to −29.5 ‰) was more 
SI composition of consumers
The different trophic groups (i.e. filter feeders, grazers and omnivores) showed similar average δ 13 C values (p = 0.9). Filter feeders had the largest range of carbon isotope compositions, with mean δ 13 C values ranging from −22.5 (Bryozoa) to −17.1 ‰ (Sycon sp.) (Fig. 5, Table S1 ). The range of δ (Fig. 5, Table S1 N values among the consumer trophic guilds, ranging from 7.1 in P. pubescens to 10.2 ‰ in H. araneus. Filter feeders, grazers and omnivores had calculated TLs ranging from 1.6 to 2.4, 1.5 to 2.7 and 2.6 to 3.2, respectively (Table S1 ).
FA composition of food sources
In total, 41 FAs were identified in the analyzed taxa (Fig. 6 Fig. 4 the Supplement). Percentages of saturated longchain FAs typical for vascular plants, such as 24:0, 26:0 and 28:0, were very low in all food sources (<1%). Two main groups of sources could be defined based on the cluster analysis: one composed of the Phaeophyta (stipes and blades) and one consisting of P. gunneri, ENRH, epiphytes and the composite food sources (Fig. 6 ). Phaeophyta had a markedly different FA composition from all other sources, as they were generally characterized by high quantities of 18:2(n-6), 20:4(n-6) and 20:5(n-3). Among Phaeophyta, blades and stipes had a relatively different FA composition. The blades were mainly composed of 18:3(n-3), 18:4(n-3) and 20:5(n-3), whereas the stipes had much higher proportions of 16:1(n-7) and 20:4(n-6) compared to the blades. Blades of L. digitata, A. esculenta and S. latissima had comparable FA compositions, as did their stipes. The bacterial FA markers (i.e. odd numbered, iso-and anteiso-branched) occurred in low quantities in Phaeophyta (< 2.5%).
The food sources grouped in the second cluster were more heterogeneous in their FA composition (Fig. 6) . P. gunneri (erect Rhodophyta) was characterized by high levels of 20:5(n-3) (42.6%) and inter - Table 2 ). FAs with proportions ≥5% are labeled with lower case letters (a: 14:0; b: 16:1(n-7); c: 18:2(n-6); d: 18:3(n-3); e: 20:4(n-6); f: 22:6(n-3)), and asterisks represent the sum of other FAs for each trophic marker group.
Species include Alaria esculenta, Caprella septentrionalis, Hiatella arctica, Hyas araneus, Laminaria digitata, Margarites groenlandicus, Ophiopholis aculeata, Ptilota gunneri, Strongylocentrotus droebachiensis, Saccharina latissima, Saccorhiza dermatodea,
Synoicum turgens, Tonicella rubra. Other abbreviations as in Fig. 4 mediate levels of 16:1(n-7) and 18:1(n-9). In contrast, ENRH FA composition was dominated by 18:1(n-9) (32.1%), with a much lower contribution of 20:5(n-3) than in the erect Rhodophyta. Epiphytes and TPOM were identified as having similar FA compositions, probably due to their relatively close proportions in 16:0, 18:4(n-3) and 16:1(n-7). However, epiphytes had much higher proportions of 20:5(n-3) (14.6%) than TPOM (5.5%), while TPOM had higher proportions of 18:1(n-9) than epiphytes (23.8 vs. 14.4%). SPOM and EOM also had similar FA compositions with close proportions of 16:0 and 18:1(n-9). The trophic markers 20:5(n-3), 14:0, 16:1(n-7) and 18:1(n-7) also had similar proportions in SPOM and EOM. These last 2 food sources were characterized by the highest relative percentages of bacterial FA markers (7.7 and 8.6%, respectively) among food sources, while TPOM exhibited only intermediate levels of bacterial FA markers. SPOM had the highest proportion of 22:6(n-3) (7.2%) and was followed by TPOM and epiphytes.
FA composition of consumers
Forty-one FAs were identified in consumers, as in the food sources (Table S3 in the Supplement). The percentages of saturated long-chain FAs typical for vascular plants were low in all consumers (<1%). Two major groups of consumers could be defined based on the cluster analysis (Fig. 6 ): a first group including all the filter feeders, 1 omnivore (H. araneus) and 1 grazer (Margarites groenlandicus), and a second group including the other grazers and 1 omnivore (O. aculeata). Within the first group, an important difference between M. groenlandicus and the other consumers was the very low contribution of the flagellate marker 22:6(n-3) in M. groenlandicus. All filter feeders, as well as H. araneus, had much higher proportions of 22:6(n-3), ranging from 8.4 to 25.8%, than the other consumers. Filter feeders and H. araneus also presented relatively important proportions in other FA trophic markers: 20:5(n-3), 16:1(n-7) and 18:4(n-3). The bivalves Hiatella arctica and Musculus sp., as well as the crustaceans Balanus sp., Caprella septentrionalis and H. araneus, were part of the same cluster.
Consumers from the second group, including T. rubra, S. droebachiensis and O. aculeata, had relatively high proportions of the diatom FA marker 14:0 (from 7.3 to 8.6%, Fig. 6 ). Within this group, the 2 grazers (T. rubra and S. droebachiensis) had much higher proportions of 20:5(n-3) (6.6 and 12.0%) and diatom markers (e.g. 14:0 and 16:1(n-7)) (24.9 and 12.3%) than those of 18:4(n-3) and flagellate markers. It is worth noting that a very similar pattern in FA composition was observed in M. groenlandicus, the third grazer analyzed in this study. The omnivore O. aculeata had relatively similar proportions of 20:5(n-3), diatom and flagellate markers as the grazers but had a much higher contribution of 18:4(n-3) (14.5%). The highest proportions of the bacteria marker 18:1(n-7) were found in the grazers M. groenlandicus (13.2%) and T. rubra (10.0%). The highest proportion of 20:4(n-6) was measured in the sea urchin S. droebachiensis.
Two-dimensional analysis on food sources and consumers using δ
C values and FA compositions
The combination of SI and FA data enhanced the differentiation between the potential food sources (Fig. 7) . Phaeophyta had δ
13
C values close to many other food sources (i.e. SPOM, EOM, TPOM, epiphytes) but were very well discriminated from them based on FA compositions. The ratios between 20:4(n-6) and 20:5(n-3) in kelp stipes (ranging from 1.6 to 2.8) and blades (from 0.5 to 1.0) were indeed much higher than those of SPOM, EOM, TPOM and epiphytes, ranging from 0.1 to 0.2. Other food sources (i.e. the Rhodophyta P. gunneri and ENRH) were well discriminated based on their much lower δ (Fig. 7) . These values, ranging from < 0.1 (H. arctica) to 0.6 (S. droebachiensis), were distinctively lower than most of the values measured in Phaeophyta. The grazers S. droebachiensis and T. rubra had the highest 20:4(n-6)/20:5(n-3) ratios, close to those of A. esculenta and S. dermatodea blades (0.5 and 0.6, respectively). All other consumers had 20:4(n-6)/20:5(n-3) ratio values within the range of epiphytes, EOM, TPOM and SPOM.
DISCUSSION
Discrimination of food sources of macroalgal origin based on their isotope and FA compositions
Macroalgae, particularly Rhodophyta, had a very wide range of carbon isotope compositions, and δ 13 C values were also very variable within species. These wide ranges of δ 13 C values observed in Kongsfjorden, which are comparable with those measured in other Arctic ecosystems (Sokołowski et al. 2014 , Renaud et al. 2015 , limit a separation of these primary producers solely based on their δ 13 C values. Differences between Phaeophyta and erect Rhodophyta could nevertheless be observed, with erect Rhodophyta much more 13 C depleted (<−35.8 ‰) than Phaeophyta (>−21.0 ‰), as already observed in Isfjorden (Renaud et al. 2015 ). δ 13 C values of macroalgae depend on the isotope composition of the available dissolved inorganic carbon and on physiological differences in mechanisms for carbon assimilation (Maberly et al. 1992 , Raven et al. 2002 . Moreover, carbon isotope composition in primary producers can vary depending on the temperature at low latitudes (Goericke & Fry 1994) , so the variations observed may reflect local effects as well. The differences in δ 13 C values of the detritus pools from 10 and 15 m depth suggest that they were made of different proportions of macroalgal material (i.e. Phaeophyta, Rhodophyta). Macroalgal δ
15
N values were markedly low compared to those measured in northeastern Greenland (Hobson et al. 1995) and the Chukchi Sea (Iken et al. 2010) . In shallow areas, light atmospheric nitrogen can play a crucial role during the assimilation of dissolved nitrogen by primary producers under nutrient limitation (Sokołowski et al. 2014) . Low concentrations of nutrients can occur during summer months, as demonstrated in Kongsfjorden (van De Poll et al. 2016) , and hence might explain the observed relatively low δ 15 N values of the studied macroalgae. FAs were more suitable trophic markers to discriminate the different classes of macroalgae, separating well Phaeophyta stipes, Phaeophyta blades and erect Rhodophyta. Rhodophyta and Phaeophyta differed because of the much higher proportions of 20:5(n-3) and 16:0 in Rhodophyta than in Phaeophyta and the higher proportions of 20:4(n-6) and 18:1(n-9) in Phaeophyta than in Rhodophyta (Graeve et al. 2002 , Kelly & Scheibling 2012 . It is worth noting that 18:1(n-9) is also abundant in other potential food sources (e.g. TPOM, SPOM, EOM) and should therefore be more considered as a ubiquitous FA in food web studies. Differences in FA composition between algae species growing in the same ecosystem are shaped by class-specific FA synthesis pathways rather than environmental gradients (Graeve et al. 2002) . Rhodophyta are phylogenetically among the oldest lineages of macroalgae (van den Hoek et al. 1995) , explaining more ancestral FA synthesis pathways, which differ from those of Phaeophyta. Kelp blades and stipes also had very different proportions in characteristic FAs (i.e. 18:3(n-3), 18:4(n-3), 20:4(n-6), 20:5(n-3)), which may be related to the role of these FAs in the cell membrane structure and thylakoid membranes, as well as in the age of the tissue (Schmid & Stengel, 2015) . This highlights that the type of the tissue has to be taken into account as well when considering macroalgae in food web studies.
The combination of bulk SI and FA analyses led to a higher discrimination between food sources of macroalgal origin. Although fresh and detrital matter from erect Rhodophyta were well discriminated from Phaeophyta using SI or FA composition alone, ENRH was only discriminated from Phaeophyta using the combination of SI and FAs (i.e. 20:4(n-6)/20:5(n-3) (Leclerc et al. 2013a) . As a result, these variations often limit the discrimination of different macroalgae only based on their isotope composition. Moreover, coastal habitats are generally fueled by a large diversity of primary food sources (Lebreton et al. 2011) . Isotope compositions of these food sources follow spatio-temporal patterns as well (Goericke & Fry 1994) , leading to the overlapping of the δ 13 C values of primary producers, which limits data interpretation in food web studies (Peterson 1999) . The combination of SI and FA trophic markers was already used to overcome some of these shortcomings of SI analysis in systems fueled by macroalgae (Rooker et al. 2006 ).
Composition of epiphytic and epilithic materials
Epiphytes had SI compositions relatively similar to those of Phaeophyta. At Hansneset, 6 taxa of dominant epiphytic algae were identified on the blades of dominant Laminariales, and all these species were mostly filamentous Phaeophyta: Ectocarpus spp., Laminariocolax aecidioides, Leptonematella fasciculata, Pylaiella varia, P. littoralis, Spa celorbus nanus (Fredriksen et al. 2014) . Nevertheless, the FA composition of epiphytes also indicated the presence of diatoms, flagellates and bacteria at the surface of the blades. The development of bacteria is very likely related to the exudates produced by Phaeophyta (Bengtsson et al. 2011) , as a large part of their photosynthetic fixed carbon (~26%) is released as dissolved organic carbon (Abdullah & Fredriksen 2004) . As a result, epiphytes and macroalgae could be distinguished based on their FA compositions.
EOM had high proportions of diatom FA markers, including 20:5(n-3), highlighting the importance of these microalgae in its composition. An important role of benthic diatoms in the microphytobenthos has already been described in shallow soft-bottom habitats in Kongsfjorden (Woelfel et al. 2009 ). Diatoms found in the EOM in summer could partly originate from settled phytoplankton, as diatoms dominate during spring bloom events in Kongsfjorden (Søreide et al. 2013 ) and can reach the bottom as intact cells (Graf 1992) . Proportions of bacterial FA markers were also high in EOM, suggesting an additional large contribution of bacteria. EOM had the lowest δ 15 N values among the potential food sources. Depletion in δ 15 N values has been observed in diatoms growing under low irradiance conditions (Søreide et al. 2006) , as observed under the kelp canopy.
Compositions of SPOM and TPOM: trapping of organic matter of pelagic origin under the canopy
SPOM had a large range of δ 13 C values, comparable to those already reported for Svalbard waters (Søreide et al. 2013 , Kuliński et al. 2014 ) and very likely related to changes in SPOM composition during summer 2013. The much lower δ
13
C values measured during mid-summer (<−25 ‰) than at the beginning and end of summer (>−25 ‰) suggest a higher influence of terrestrial organic matter during midsummer. In Kongsfjorden, terrestrial particulate organic matter is more depleted in 13 C (i.e. δ 13 C values from −35.2 to −26.4 ‰) than marine organic matter (−23.9 to −15.8 ‰) (Kuliński et al. 2014 ). However, the very low quantities of vascular plant FA markers in SPOM contradict the hypothesis of a potential influence of terrestrial organic matter into SPOM in July.
At the beginning of summer, the very low chl a concentrations and the high proportions of typical flagellate FAs and bacterial FAs, together with low concentrations of diatom FAs, indicate that SPOM was a heterogeneous source dominated by flagellates and other protists as well as detrital material, which is typical of post-bloom situations (Mayzaud et al. 2013) . In Kongsfjorden, the phytoplankton spring bloom occurs between April and May and is dominated by diatoms (Renaud et al. 2011 , Hodal et al. 2012 . Bacteria might have used senescent plankton and fecal pellets as substrates, leading to the high δ 15 N values of SPOM (Hoch et al. 1996) in June. The higher δ
C values and chl a concentration in midAugust 2013 suggested that a second bloom occurred in late summer, as already observed by Renaud et al. (2011) .
The SPOM trapped under the kelp canopy (TPOM) δ 13 C values were intermediate between those of SPOM and macroalgae, suggesting a potential influence of macroalgal detritus in its composition. Nevertheless, the very low amount of macroalgal FAs and the very low 20:4(n-6)/20:5(n-3) ratio of TPOM clearly demonstrate that kelp material poorly contributed to TPOM composition. Instead, the relatively high lev-els of diatom and flagellate markers highlighted that TPOM was mostly made of microalgae probably from benthic and pelagic origin, as already demonstrated by Sokołowski et al. (2014) in deep soft-bottom habitats in Hornsund (located in the southern part of Spitsbergen). The similar FA profiles of TPOM and SPOM highlight the importance of the flow of organic matter from the water column to the benthic system in this polar fjord. Diatoms found in the TPOM in summer could indeed partly originate from settled phytoplankton, caused by spring bloom events in Kongsfjorden (Søreide et al. 2013) . As the kelp canopy lowers hydrodynamics and reduces particle export (Eckman et al. 1989) , the flow of organic matter from the water column to the benthic system was probably reinforced because of the dense kelp belt at Hansneset. Kelp species are therefore not only providing diverse habitats for associated fauna but also increasing the magnitude and composition of organic matter channeled through the food web. Temporal variability in organic matter supply might further increase food web complexity, as has been shown for temperate kelp forests (Leclerc et al. 2013 ).
Limited use of macroalgal material by the macrozoobenthos
Comparisons of isotope compositions of consumers with those of potential food sources -taking into account TFFs -highlight that a broad range of potential food sources could be used by the consumers. These may include Phaeophyta (either fresh or as degraded material), TPOM, SPOM, epiphytes and Chlorophyta but also EOM. Nevertheless, the very 13 C-depleted composition of erect Rhodophyta (Phycodris rubens and Ptilota gunneri) and ENRH clearly excluded these groups of algae as important food resources in the kelp belt food web.
The relatively low proportions of typical Phaeophyta FA markers in consumers -ranging from 2.0% (Hiatella arctica) to 9.0% (Strongylocentrotus droebachiensis) -demonstrated that Phaeophyta have a minor role as a food resource in this food web. As a result, it is likely that the 20:5(n-3) and 18:4(n-3) FA markers measured in consumers mostly originate from diatoms and flagellates, respectively. The FA 20:4(n-6), very abundant in Phaeophyta stipes and blades, was observed in low quantities in tissues of consumers. Accordingly, the ratio 20:4(n-6)/20:5(n-3), which was elevated in Phaeophyta, was considerably low in consumers, confirming the minor role of Phaeophyta-derived organic matter in the kelp belt food web. Among all consumers, the sea urchin S. droebachiensis had the highest relative percentage of 20:4(n-6) and the highest 20:4(n-6)/20:5(n-3) ratio, close to the range of Phaeophyta blades, suggesting that this species was the one relying the most on Phaeophyta in this habitat (Dalsgaard et al. 2003) . Kelly et al. (2008) indeed highlighted that kelp material can be highly grazed by S. droebachiensis.
High Phaeophyta production (Welch et al. 1992 , Abdullah & Fredriksen 2004 has been assumed to be the main food source in kelp belt food webs. However, fresh Phaeophyta material is seldom grazed directly because of its high C:N ratio and phlorotannin content, and it mostly enters the food chain as detritus (Fredriksen 2003 , Miller & Page 2012 , after bacterial degradation (Norderhaug et al. 2003) . We demonstrate here that Phaeophyta played a minor role as a food resource in the kelp belt food web, which may be related to the season, as this study was carried out during the Arctic summer. Perennial Phaeophyta have strong seasonal growth cycles sharpened by the strong seasonal light pattern in high latitudes (Wiencke et al. 2009 ). Expansion of new leaves occurs in winter, fueled by storage metabolites accumulated during the previous summer season, and in summer months, nutrient limitation slows down growth and tissue loss occurs at the blade fronts (Wiencke et al. 2009 ). Moreover, Phaeophyta species differ clearly in their seasonal cycle regarding onsets of growth and reproduction (Olischläger &Wiencke 2013). Ongoing Phaeophyta growth might have limited the quantity of kelp detritus in summer; hence, detritus was not available for the belt inhabitant consumers. The low amounts of typical Phaeophyta FA markers in TPOM gave further evidence that the onset of the Phaeophyta deterioration phase did not occur during summer. As a result, it seems that Phaeophyta material, either fresh or detrital, is of minor importance in fueling the Arctic kelp belt food web in summer. However, the role of Phaeophyta material as a food resource might be of more importance during other seasons.
Significant role of composite food sources in the kelp belt food web
The minor role of Phaeophyta as a food source gave strong evidence that the 20:5(n-3), 18:4(n-3) and 18:1(n-7) found in consumers were mostly derived from diatoms, flagellates and bacteria, respectively. As a result, the relatively high proportions of diatom markers, including 20:5(n-3), in consumers from all feeding types pointed out their reliance on diatoms as a food source (Graeve et al. 1997 , with these diatoms possibly originating from both pelagic and benthic compartments. The high proportions of flagellate FA markers in filter feeders underline the importance of senescent phytoplankton as a food resource (Mayzaud et al. 2013) . Therefore, composite food sources like SPOM, TPOM and EOM, as well as epiphytes, most likely played a crucial role in the functioning of the studied kelp belt food web.
Filter feeders indeed presented large proportions of diatom FA markers, and studies have already demonstrated that many filter-feeder species assimilate diatoms in other polar ecosystems (Budge et al. 2001 , Graeve et al. 2001 . Grazers also had high proportions of diatom FA markers. Macrozoobenthic grazers are known to be important consumers of pelagic production in the Arctic, utilizing sedimented phytoplankton and detrital material (Hobson et al. 1995) . In the studied kelp belt, diatoms could originate from the phytoplankton as well as from eroded epilithic material (EOM) or epiphytes.
It is likely that these different food resources are trapped within the kelp belt, as large kelp specimens increase particle residence time under their canopy (Eckman et al. 1989) , and then significantly contribute to the pool of TPOM available to benthic consumers. Indeed, consumers' intermediate δ
13
C and δ
15
N values, which were close to TPOM, in combination with information from FA trophic markers suggested that microalgae from benthic and pelagic origin, once sedimented, were utilized by filter feeders and grazers. Consumers from these 2 feeding groups are themselves food sources for omnivores, as highlighted by the higher TLs of these consumers. As a result, kelps not only create a unique ecosystem as they increase habitat complexity but also support a large diversity of macrozoobenthic species , Voronkov et al. 2013 (Gilkinson et al. 1988) . The presence of diatom FA markers in the sea urchin gave further evidence that this species relies on microalgae covering the rocky bottom, as already observed by Kelly et al. (2008) in Nova Scotia. The relatively high level of bacterial FA markers in the gastropod M. groenlandicus and the chiton T. rubra indicated that these species used bacteria as a food source.
Filter feeders were separated from grazers based on their high amounts of flagellate FA markers, including 18:4(n-3), highlighting a strong reliance of these consumers on phytoplankton. Like diatoms, flagellates could originate from pelagic phytoplankton, particularly in early summer, as the post-bloom state is dominated by ciliates and flagellates (Mayzaud et al. 2013) . A possible role of eroded epiphytes should also be considered, as epiphytes also contained relatively high proportions of flagellate markers. The variations in flagellate FA marker contributions observed among filter feeders may be related to selection and assimilation processes. Bryozoans, being the most dependent on flagellates, might preferentially select flagellates, based on their smaller size (Søreide et al. 2008) , and assimilate them better because of their high content in essential FAs. In Antarctica, bryozoans were observed to efficiently use microplankton (Barnes & Clarke 1994) .
The 2 omnivore species analyzed for FA composition in this study also had relatively high proportions of flagellate FA markers, probably for different reasons. The brittle star O. aculeata is a deposit-feeder species which grazes on epiphytes and deposited detrital material but is also known to act episodically as a filter feeder (Graeve et al. 1997) . The similarity in FA compositions between Hyas araneus and filter feeders indicates that they can be an important food resource for H. araneus, probably through predation and scavenging, which represents an indirect connection between the pelagic and the benthic systems. But this connection may also be direct, as Lege · zyńska et al. (2014) indicated that H. araneus may rely on relatively large macrozooplankton as well. The highest δ 15 N values of H. araneus among the macrofaunal community gave further evidence that this species is the one relying the most on animals as food resources, as already described in Svalbard (Berge et al. 2009 ), and in temperate waters, where it is known to be able to handle and consume bivalves (Nadeau & Cliché 1998) .
The role of each of these different composite food sources (i.e. SPOM, TPOM, EOM, epiphytes) could be better defined with a greater comprehension of the TFF between food sources and consumers as well as an improvement of the knowledge about turnover rate of tissues. In a literature review, Caut et al. (2009) showed that the variability of TFF for carbon and nitrogen mainly depends on the taxonomic group (e.g. invertebrate, fish, mammal), tissue and isotope composition of the primary producers. The processes of assimilation -leading to similar isotope and FA compositions between primary sources and consumers -in macrozoobenthic consumers are mainly driven by ontogenetic status, growth rates, species-specific physiological differences and abiotic parameters (Caut et al. 2009 , Kelly & Scheibling 2012 . The information used in this study were nevertheless sufficient to highlight the minor role of kelp material and the important role of composite food sources in this food web, at this season, based on the large differences in SI compositions between erect Rhodophyta and kelp and the low proportions of kelp FA trophic markers in consumers. Moreover, in Kongsfjorden, controlled feeding experiments (Wessels et al. 2012 ) and field observation (McMahon et al. 2006) demonstrated the assimilation of dietary SI and FA compositions by Arctic benthic invertebrates within 1 mo. Benthic systems are well suited for trophic marker studies because of the relatively long life spans of consumers and their sessile lifestyles, leading to the integration of the signatures of their food sources over months to decades (Renaud et al. 2011 ).
Role of kelp belts in the functioning of the Kongsfjorden ecosystem during summer
Macroalgal belts, mostly consisting of kelp , cover 44% of the subtidal area comprised from 0 to 10 m in Kongsfjorden (Kruss et al. 2008 , Woelfel et al. 2010 . Kelp annual primary production ranges from 400 to 1900 g C m −2 yr −1 (Welch et al. 1992 , Abdullah & Fredriksen 2004 , which considerably exceeds the pelagic primary production in Kongsfjorden (ranging from 27 to 35 g C m −2 yr −1
, Hodal et al. 2012 ). In addition to effects at the habitat scale, the presence of kelp belts and the development of their biomass in relation to biotic and abiotic parameters (Bartsch et al. 2016 ) have several major implications at the scale of the entire fjord. Detached macroalgae and their detritus can contribute significantly to both the shallow and deep benthic food webs, as demonstrated in the Isfjorden (Renaud et al. 2015) . The accumulation of macroalgal detrital material in soft-bottom systems very likely creates a strong flow of matter and energy between rocky shores and sedimentary coastal habitats. In addition to flows related to hydrodynamics, exports of organic matter by biotic vectors should also be taken into consideration. Several fish species colonize kelp belts for the purpose of foraging (Norderhaug et al. 2005 , Brand & Fischer 2016 and then move between several habitats or even migrate (Cote et al. 2004) . The magnitude of these flows will need to be assessed and quantified in future studies.
On a temporal basis, kelp belt food web dynamics in summer may be very different compared to other seasons. As previously stated, the functioning of the kelp belt food web is driven by a seasonal cycle, with strong pulsed primary production occurring in spring and summer (Hanelt et al. 2001 , Hodal et al. 2012 and decaying of organic matter occurring in fall and winter (Wiencke et al. 2009 , Olischläger & Wiencke 2013 . The strong seasonal variations occurring in these ecosystems probably lead to large changes in the biomass and quality of food resources, with cascading effects in the dynamics of the kelp belt food web and likely for adjacent habitats. Thus, a need for a better understanding of the functioning of kelp belt food webs on a seasonal basis in polar areas exists. The obtained knowledge will give further insights into the effects of climate change on polar coastal ecosystems.
CONCLUSIONS
The remarkable low use of macroalgae-derived material by the kelp belt inhabitant fauna contrasts with the large kelp biomass and production in the shallow rocky shores of Kongsfjorden. During summer, benthic consumers can rely on a great variety of food resources of benthic and pelagic origin. Microalgae (i.e. diatoms and flagellates) can originate from the senescent phytoplankton bloom, suspended epilithic material or eroded epiphytes and are likely trapped under the kelp belt canopy. This flow of organic matter from the water column to the benthos supports a diverse macrozoobenthic community and consequently increases the complexity of the food web. As several food resources are entering the kelp belt food web, their redundancy might compensate for the short and pulsed production occurring in Arctic coastal waters. Future studies will have to take into account the effect of pronounced seasonal variations, which occur in polar ecosystems, as they may lead to considerable variation in how organic matter is channeled through the kelp belt food web.
